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LIST OF ACRONYMS AND ABBREVIATIONS 

bgs below ground surface 
BS biosparging  
BSMP biosparging monitoring point 
BTEX  benzene, toluene, ethylbenzene, and total xylenes 
CO2 carbon dioxide 
DO dissolved oxygen  
EPA US Environmental Protection Agency 
Fe(II) ferrous iron 
Fe(II) ferric iron 
gpm gallons per minute 
HDPE high density polyethylene 
HP horse power 
LCS/LCSD laboratory control standard/laboratory control standard duplicate 
LEL lower explosive level 
LUFT leaking underground fuel tank 
MCB  Marine Corps Base 
MCL maximum contaminant level 
mg/kg milligrams per kilogram 
mg/L milligrams per liter 
MTBE methyl tert-butyl ether 
mV millivolt 
NFESC Naval Facilities Engineering Service Center 
OHM OHM Remediation Services Corp. 
ORP oxidation reduction potential 
O&M operation and maintenance 
O2 oxygen 
PID photo-ionization detector 
QA quality assurance 
QC quality control 
RWQCB Regional Water Quality Control Board 
SAM Site Assessment and Mitigation 
SPLP Synthetic Precipitation Leaching Procedure 
SWDIV Southwest Division Naval Facilities Engineering Command 
SVOC Semi-volatile organic compound 
TBA tertiary butyl alcohol  
TPH-D total petroleum hydrocarbons as diesel 
TPH-M total petroleum hydrocarbons as motor oil 
TVH total volatile hydrocarbons 
UST underground storage tank 
µg/L micrograms per liter 
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1.2 SITE BACKGROUND 
MCB Camp Pendleton is located on the coast of northern San Diego County, 

California, and covers approximately 125,000 acres (Figure 1-1).  Site 2296 is located in 
the southeast portion of MCB Camp Pendleton, near the intersection of “C” Avenue and 
8th Street, and about 700 ft southeast of Vandegrift Boulevard (Figure 1-2).  Building 
2296 is an active maintenance facility.  The former 1,000-gallon, single-walled concrete, 
diesel UST, was located approximately 20 feet from the northern side of the maintenance 
buildings.  The UST was removed in July 1994.  Figure 1-3 presents a detailed site 
layout. 

1.3 PREVIOUS INVESTIGATIONS 
In 1994, soil investigations of the site were initiated.  In 1995, Brown and Caldwell 

collected groundwater samples for laboratory analyses.  These investigations indicated 
that (1) petroleum hydrocarbons had been released from the underground storage tank 
and/or associated piping and (2) soil and groundwater had been impacted. 

In 1997 subsequent investigations further delineated the nature and extent of 
contamination at the site: 

• TPH-D was present in both the soil and the groundwater.  
• BTEX compounds toluene, ethylbenzene, and total xylenes were present in the 

soil.  
• Toluene and xylenes were present in the groundwater. 

1.4 GEOLOGY AND HYDROGEOLOGY 
Site 2296 is located on a terrace above the Santa Margarita River bed.  The site is 

underlain by Quaternary alluvial deposits of the Santa Margarita River.  The shallow soils 
consist of silt with varying amounts of fine sand.  The backfill in the cavity of the former 
UST 2296 extends to a depth of approximately seven feet below ground surface (bgs).  
Figure 1-4 presents a geologic cross-section that also illustrates the historical minimum 
and maximum groundwater levels and approximate extent of soil contamination in 
October 1997 and November 2000.  The cross-section location is shown on Figure 1-3. 

The groundwater beneath the site flows primarily to the southwest but the flow 
direction has shown variability over time, ranging from northwest to southeast.  The 
hydraulic gradient beneath the site is relatively flat, ranging from 0.002 to 0.01.  Pump 
tests conducted in one of the monitoring wells indicate that the hydraulic conductivity at 
the site may range from approximately 1.4 x 10-2 to 9.4 x 10-3 centimeters per second 
(OHM Remediation Services Corp. (OHM), 1998). The nearest groundwater production 
wells are 10S/52-13R2, located 3,000 feet up-gradient, and 10S/5W-23J1, located 4,200 
feet downgradient.  Calculations of capture zones indicate that Site 2296 is approximately 
1,700 feet away from the edge of the 10S/5W-23J1 capture zone. 

1.5 CLEANUP GOALS 
The groundwater cleanup goals are identified in Table 1-1 and correspond to drinking 

water Maximum Contaminant Levels (MCLs) for BTEX compounds and MTBE and 
secondary MCLs for TPH-D.  Cleanup goals were developed for soils based on a dual 
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standard of leachable concentrations and soil concentrations.  Cleanup goals were 
detailed in the Final Remediation Work Plan for Underground Storage Tank Site 2296 
(Parsons, 2000a) and modified for MTBE in groundwater according to the response to 
RWQCB comments (Parsons, 2000b). 

1.6 BIOSPARGING SYSTEM 
A BS system was installed at Site 2296 in accordance with the Remediation Work 

Plan (Parsons, 2000a), as approved by the RWQCB in a meeting on July 20, 2000.  Five 
BS wells (BSW2296-1 through BSW2296-5) and two nested BS monitoring points  
(BSMPs) (BSMP2296-1 and BSMP2296-2) were installed.  The system commenced 
operation on March 28, 2001.  A letter report containing installation and startup results 
was submitted at a later date to the RWQCB on August 8, 2001 (Parsons, 2001a).  The 
RWQCB responded with comments on April 30, 2002.  After submittal of a response 
dated June 25, 2002, the RWQCB responded on August 6, 2002, that they had no 
additional comments at this time.  The Remediation Verification Sampling Work Plan 
(Parsons, 2002) was submitted to the RWQCB on October 29, 2002. 

During a meeting on February 10, 2005, the RWQCB agreed to shutdown the BS 
system for one year to see if TPH concentrations stabilize (see Appendix D).  The system 
remained shutoff as of March 17, 2005.  

1.7 VERFICATION SAMPLING 
During February 2003, Parsons conducted remediation verification sampling at Site 

2296, in accordance with the Remediation Verification Sampling Work Plan submitted in 
October 30, 2002 (Parsons, 2002) and approved by the RWQCB.  The remediation 
verification sampling proceeded on the basis that the BS system that commenced 
operation in March 2001 had operated almost two years, and respiration tests conducted 
during 2002 indicated a low oxygen utilization rate. 

The February 2003 confirmation soil sampling locations and results are illustrated on 
Figure 1-3.  The results are also detailed in Table 1-2 (shown in bold) and are listed next 
to historical results collected at similar locations and depths for comparison.  The 
estimated volume of soil containing petroleum hydrocarbon waste remaining in situ 
based on the latest 2003 soil sampling results is approximately 67 cubic yards, assuming 
contamination remains within a 15 by 40 foot area within the street at a depth of 9 to 12 
feet bgs.   

The 2003 soil boring TPH-D results were generally lower than the historical borings 
collected prior to BS.  Average historical concentrations were calculated and compared to 
the 2003 soil confirmation results, as shown in Table 1-3.  The average reduction in soil 
TPH-D concentrations near the capillary fringe ranged between 21% and 99% after the 
two years of BS operation.  This apparent variance in removal may be due in part to the 
discrete nature of soil sampling, and hence an average reduction was calculated for the 
site.  The average reduction in soil TPH-D concentrations for the entire site was 48%. 

Soil concentrations of BTEX, MTBE, and other oxygenates were analyzed at four 
locations.  BTEX, MTBE, and other oxygenate results were non-detect in all soil samples 
for each of these compounds.  Synthetic Precipitation Leaching Procedure (SPLP) 
leachate results were analyzed at SB2296-2.  TPH-D was detected in the leachate at 51 
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milligrams per liter (mg/L).  No BTEX, MTBE, or other oxygenates were detected in 
these samples. 

Based on the soil sampling results, it was recommended to continue biosparging 
through the two BSWs located in the street where residual soil contamination was 
identified.  Based on the need to operate two BSWs rather than five, a smaller 0.75 horse-
power (HP) blower was relocated (from Site 53435) to the site, and began operation in 
November 2003.  

The system was again shutoff as of March 17, 2005, to begin a one-year verification 
monitoring event to see if TPH concentrations stabilize with the BS system off.  
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Table 1-1 
Final Cleanup Goals 

MCB Camp Pendleton, California 

Constituent Soil Groundwater MCL 

Benzene SPLP = ND; Total = 0.1 mg/kg 1 µg/L 
Toluene SPLP = ND; Total = 15 mg/kg 150 µg/L 

Ethylbenzene SPLP = ND; Total = 68 mg/kg 680 µg/L 
Total Xylenes SPLP = ND; Total = 175 mg/kg 1,750 µg/L 

MTBE -- 13 µg/L 
TPH-D SPLP = ND (<100 µg/L) 100 µg/L 

Notes: Soil cleanup goals assume soil attenuation factor of 100 and undetectable levels of 
leachable contamination. 
MCL for TPH-D is a secondary MCL. 
SPLP = Synthetic Precipitation Leaching Procedure. 
ND = non-detect. 

 



Table 1-2
Hydrocarbons in Soil at Site 2296
MCB Camp Pendleton, California

Soil SPLP

Depth Moisture Diesel Benzene
Ethyl-

benzene Toluene
Total 

Xylenes
MTBE, 
Other TBA Diesel Benzene

Ethyl-
benzene Toluene

Total 
Xylenes

MTBE, 
Other TBA

D2216 M8015E 8020; 
8260

8020; 
8260

8020; 
8260

8020; 
8260 8260 8260 M8015E 8020; 

8260
8020; 
8260

8020; 
8260

8020; 
8260 8260 8260

ft bgs % mg/kg µg/kg µg/kg µg/kg µg/kg µg/kg µg/kg mg/L µg/L µg/L µg/L µg/L µg/L µg/L
Cleanup Goal -- -- -- -- 100 15,000 68,000 175,000 -- -- ND ND ND ND ND -- --

B4 6/26/95 6 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --
B4 6/26/95 7.5 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --

SB2296-1 2/19/03 10 21.7 6.1J -- -- -- -- -- -- -- -- -- -- -- -- --
B4 6/26/95 12 -- 1,000 <1 <1 <1 <1.3 -- -- -- -- -- -- -- -- --
B4 6/26/95 15 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --
B4 6/26/95 20 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --
B4 6/26/95 25 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --

RB1-027 2/26/97 8 -- <12 -- -- -- -- -- -- -- -- -- -- -- -- --
SB2296-2 2/19/03 10 20.2 1,000 <130 <130 <130 <260 <630 <2,500 51 <1 <1 <1 <2 <5 <20
RB1-029 2/26/97 12 -- 315 <13 59 91 725 -- -- <0.5 <0.5 <0.5 <0.5 <1.5 -- --

BSW2296-1 11/17/00 12 20 2,200 3J 54J 6J 880J -- -- -- -- -- -- -- -- --
RB1-030 2/26/97 17 -- <13 -- -- -- -- -- -- -- -- -- -- -- -- --

SB2296-3 2/19/03 5 -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
RB2-023 2/26/97 8 -- <12 -- -- -- -- -- -- -- -- -- -- -- -- --
RB2-025 2/26/97 12 -- 1,100 <13 20 45 365 -- -- 0.8 <0.5 <0.5 <0.5 <1.5 -- --
RB2-026 2/26/97 17 -- <13 -- -- -- -- -- -- -- -- -- -- -- -- --

BSW2296-2 11/17/00 12 20 3,200 <62 70 23J 1489J -- -- -- -- -- -- -- -- --
SB2296-4 2/19/03 10 21.1 640 <130 <130 <130 <260 <630 <2,500 -- -- -- -- -- -- --
SB2296-5 2/19/03 10 21.5 73 <1.3 <1.3 <1.3 <2.6 <6.4 <25 -- -- -- -- -- -- --

B1 6/21/95 12 -- 190 <0.1 <0.1 <0.1 <0.1 -- -- -- -- -- -- -- -- --
B2 6/21/95 12 -- 480 <0.5 <0.5 <0.5 <0.15 -- -- -- -- -- -- -- -- --

BSMP2296-2 11/3/00 12 22.5 268 <6.5 0.3J 0.5J 3J -- -- -- -- -- -- -- -- --
BSW2296-3 11/3/00 12 22.8 568 <6.5 5J 0.4J 48J -- -- -- -- -- -- -- -- --

B3 6/21/95 10 -- 530 <0.1 <0.1 <0.1 <0.1 -- -- -- -- -- -- -- -- --
SB2296-6 2/19/03 10 21.5 53 <1.3 <1.3 <1.3 <2.6 <6.4 <25 -- -- -- -- -- -- --

B3 6/21/95 12 -- 360 <0.1 <0.1 <0.1 <0.1 -- -- -- -- -- -- -- -- --
B3 6/21/95 15 -- 31 <0.1 <0.1 <0.1 <0.1 -- -- -- -- -- -- -- -- --
B3 6/21/95 20 -- <10 -- -- -- -- -- -- -- -- -- -- -- -- --

Bold = Recent soil confirmation sampling results MTBE, Other = methyl tert-butyl ether, and other oxygenated compounds
TBA = tertiary butyl alcohol 

Sample ID Sample 
Date

2296.XLS, soil 7/19/2005
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Table 1-3 
Average TPH-D Removal from Biosparging Site 2296 

MCB Camp Pendleton 

 Sample Groundwater Height Avg. Moisture (%) Avg. TPH-D Conc. (mg/kg) % TPH-D 
Sample Depth   

(ft bgs) 
Depth       

(ft bgs) 
Above 
GW (ft)

Before 
System 

After 
System

Before  
System 

After 
System 

Reductiona

SB2296-1 10 10.5 0.5 NS 21.7 1,000 6.1 99% 
SB2296-2 10 10.5 0.5 20 20.2 1,258 1,000 21% 
SB2296-5 10 10.5 0.5 23 21.5 452 73 84% 
SB2296-6 10 10.5 0.5 NS 21.5 445 53 88% 
Site 2296 10 11 0.5 22 21.2 685 354 48% 

ft bgs = feet below ground surface 
GW = groundwater 
NS = not sampled 
aAfter two years of system operation from March 2001 through Feb. 2003 
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SECTION 2  

FIELD ACTIVITIES AND PROCEDURES 

This section describes the field activities conducted during this monitoring event and 
the procedures used to conduct these activities.  The activities described include (1) 
measurement of groundwater levels, (2) collection of groundwater samples for chemical 
analyses, (3) collecting quality assurance/quality control groundwater samples, (4) BS 
system operation and maintenance (O&M), and (5) measurement of soil gas 
concentrations for monitoring the BS performance within the vadose zone.  Also included 
is a discussion on the management of investigation-derived waste. 

2.1  GROUNDWATER LEVEL MEASUREMENTS  
On April 14, 2005, prior to the collection of groundwater samples, groundwater levels 

were measured in six monitoring wells (MW2296-1 through MW2296-6) at the site.   
The static depth to groundwater from the top of each well casing was measured to the 

nearest 0.01 foot using an electric water level probe.  The depth to groundwater was 
converted to groundwater elevation using the surveyed top-of-casing elevation for each 
well. 

2.2  GROUNDWATER PURGING AND SAMPLING 
Five site monitoring wells (MW2296-1 through MW2296-3 and MW2296-5 and 

MW2296-6) were purged and sampled on April 15, 2005.  MW2296-4 was not sampled, 
in accordance with the groundwater monitoring schedule contained in the Remediation 
Verification Sampling Report (Parsons, 2003).  MW2296-1 also will no longer require 
sampling, in accordance with the annual monitoring schedule contained in the 
Remediation Verification Sampling Report. 

Prior to the collection of a groundwater sample, each well was purged using a 
Grundfos® Redi-Flo II® pump with high density polyethylene (HDPE)-type tubing, set at 
a flow rate of approximately 2 gallons per minute (gpm) or less.  For purging, the volume 
of water contained within the well casing at the time of purging was calculated, and at 
least three times the calculated volume was removed from the well.  Water quality 
parameters (pH, temperature, specific conductivity, and turbidity) were measured at 
regular intervals using a direct-reading meter.  Dissolved oxygen (DO) concentrations 
and the oxygen reduction potential (ORP) were measured using a YSI 6820 instrument 
with a flow-through cell.  The well was considered sufficiently purged when consecutive 
measurements of pH, temperature, and specific conductivity varied by less than 10 
percent, and a minimum of three well casing volumes were removed.  If a monitoring 
well was evacuated to a dry state during purging, the monitoring well was allowed to 
recharge, and the sample was collected as soon as sufficient water was present in the 
monitoring well to obtain the necessary sample quantity.  

For the collection of samples to be analyzed for nonvolatile compounds, the pump 
discharge was reduced to a minimal continuous flow, and the samples were collected 
directly into the appropriate sample containers.  Samples to be analyzed for volatile 
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compounds were collected by lowering a new disposable polyethylene bailer into each 
well and carefully pouring the water down the inner walls of the sample bottle to 
minimize aeration of the sample. 

In general, the groundwater samples were analyzed for the following specific 
compounds: 

• TPH-D using U.S. Environmental Protection Agency (EPA) Method 8015 
Modified;  

• SVOC using EPA Method 8270C; and 
• Geochemical parameters including sulfate and nitrate using EPA Method 300.0; 

ferrous iron (Fe(II)) using EPA Method 3500DFE; alkalinity using EPA Method 
310.1; and methane using RSK175. 

Types of containers and volumes collected are noted on the groundwater sampling 
data sheets (Appendix B). 

2.3 QUALITY ASSURANCE AND QUALITY CONTROL 
Groundwater samples were collected and preserved in accordance with both EPA and 

California Leaking Underground Fuel Tank (LUFT) protocols.  The samples were 
delivered under a chain-of-custody in a cooler with ice to a state-certified laboratory. 

Three types of quality-control (QC) samples were used to assess the adequacy of 
sampling, decontamination, and transportation procedures.  Multiple sites are sampled 
during a given monitoring event; therefore, QC samples are collected appropriate to the 
defined need of the monitoring event, but not necessarily collected at every designated 
site. 

• A trip blank sample was transported with each cooler and analyzed by Method 
8260B.  The trip blanks were used to determine whether cross-contamination of 
volatile organic compounds occurred during transportation to the laboratory. 

• An equipment blank sample was collected during the monitoring event by running 
distilled water over the decontaminated pump.  This sample was analyzed by 
Method 8015M to verify that the sampling equipment was free of organic 
contaminants. 

• Field duplicate samples were collected at the rate of one for every ten primary 
samples and sent to the laboratory “blind.” 

2.4 BIOSPARGING SYSTEM OPERATION AND MAINTENANCE 
BS system O&M was performed in accordance with the O&M Manual (Parsons, 

2001b) and the Remediation Verification Sampling Report (Parsons, 2003).  Based on 
field observation at BSMP-2 where elevated oxygen concentrations have been 
maintained, BSWs-3, -4, and -5 were closed on November 6, 2002 in order to maximize 
air injection to BSWs-1 and –2.  In February 2003, the system was cycled off to allow for 
site equilibrium prior to verification sampling and the blower was disconnected and 
relocated to another site (Site 1131).  In June 2003, a smaller blower (from Site 53435) 
was delivered to the site.  In November 2003, the system was repaired and operation 
began with air injection into BSWs-1 and -2.      
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2.5 SOIL GAS SAMPLING 
Soil gas sampling from selected monitoring wells began in March 2001 prior to startup 

of the BS system, and has been performed periodically as needed to evaluate the effect of 
BS on the vadose zone.  Soil gas samples were collected in a Tedlar bag using a vacuum 
pump.  Soil gas concentrations of oxygen (O2) and carbon dioxide (CO2) are measured 
using either a Gastech GT408 meter or a Landfill Gas Analyzer GA-90, which is able to 
measure CO2 concentrations above 5%. Total volatile hydrocarbons (TVH) are 
periodically measured using a MiniRae photo-ionization detector (PID). 

2.6 WASTE MANAGEMENT 
During monitoring activities, groundwater was purged into a truck-mounted 

polyethylene tank and transported to Crosby and Overton for treatment and disposal 
under a nonhazardous-waste manifest.  A copy of the manifest is presented in Appendix 
B. 
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SECTION 3  

RESULTS 

This section presents the results of field activities conducted at the site, including 
groundwater level measurements and laboratory analyses of groundwater samples 
collected during this monitoring event.  All work was conducted in accordance with the 
Site 2296 Remediation Work Plan (Parsons, 2000a), the sampling plan updated in the 
installation and startup letter report (Parsons, 2001a), and the O&M Manual (Parsons, 
2001b). 

3.1 GROUNDWATER ELEVATIONS 
Due to winter rains, groundwater levels increased in all wells measured this 

monitoring event in comparison to the last monitoring event.  The wells showed an 
average increase of 2.71 feet, with a maximum increase of 3.2 feet in MW2296-4.  Table 
3-1 presents a summary of groundwater elevations measured since 1997.  Historical 
groundwater elevations are provided in Appendix A.  Figure 3-1 shows a hydrograph of 
the groundwater elevation data collected to date. 

The hydraulic gradient calculated for this site was 0.003 southwest, which is 
consistent with previous events.  The hydraulic gradient and flow direction are illustrated 
on Figure 3-2.  In the last three years of groundwater monitoring, the flow direction has 
typically varied from southwest to west.  

3.2 ANALYTICAL RESULTS 
A summary of petroleum hydrocarbon concentrations detected in site groundwater 

since July 1998 is presented in Table 3-2.  Historical data are provided in Appendix A.   

3.2.1 Data Quality Assessment 
Five primary samples were collected during this monitoring event and submitted to the 

laboratory for TPH-D analysis.  One sample (MW2296-5) was also analyzed for SVOC.  
TPH-D was detected in the equipment blank EB-01-0405 (0.014 mg/L) and non-detect in 
the method blank resulting in the qualification as non-detect of TPH-D reported in 
MW2296-2 (0.033 mg/L).  TPH-D and SVOC surrogate recoveries were acceptable for 
all site, method blank and QC samples.  Laboratory control standard/laboratory control 
standard duplicate (LCS/LCSD) results indicate acceptable precision and accuracy of the 
SVOC and TPH-D methods.  Based on the review of the laboratory reports and quality 
assurance (QA)/QC analyses, the data were deemed acceptable and usable as reported.  
TPH-D was SVOC target compounds were not detected in the method blank.  Collected 
samples were properly preserved and shipped to the laboratory at a temperature of 
approximately 3 oC.  Laboratory reports are provided in Appendix C. 
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3.2.2 Groundwater Contaminants 
TPH-D was detected above the cleanup goal of 0.1 mg/L in one well, MW2296-5 (3.7 

mg/L).  This concentration is generally consistent with recent sampling events. The 
concentrations of TPH-D in MW2296-5 had steadily decreased since October 2002, until 
this sampling period in which the concentration increased slightly. 

One of the wells (MW2296-5) was analyzed for the presence of SVOCs.  None were 
detected.  

Figure 3-3 shows the concentration trend of TPH-D detected in well MW2296-5 
versus groundwater elevation over time.  Figure 3-4 shows the locations and results of 
samples collected and analyzed during this monitoring event.  Historical plume extents 
are shown on Figure A-1 in Appendix A. 

3.2.3 Geochemical Indicators 

Biodegradation causes measurable changes in groundwater chemistry.  Specifically, 
concentrations of petroleum hydrocarbons, dissolved oxygen (DO), nitrate, Fe(II), 
sulfate, and methane in groundwater change both temporally and spatially as 
biodegradation proceeds.  Petroleum hydrocarbons readily serve as electron donors in 
both aerobic and anaerobic biodegradation processes.  Electron acceptors include (in 
order of decreasing preference) DO, nitrate, ferric iron (Fe[III]), sulfate, and CO2.  
Electron acceptors and donors are depleted during biodegradation processes.  Byproducts 
of biodegradation include CO2, water, nitrogen gas, Fe(II), hydrogen sulfide, and 
methane.  Alkalinity also increases as CO2 is produced.   

One purpose of biosparging is to inject oxygen to increase groundwater DO 
concentrations and hence facilitate removal of petroleum hydrocarbons.  DO is utilized 
for aerobic degradation of dissolved-phase petroleum hydrocarbons, and is most effective 
when DO concentration are maintained above 2 mg/L (USEPA, 2004).  DO data 
collected since startup of the BS is listed in Table 3-3.  DO concentrations have been 
occasionally observed above 2 mg/L.  In general, this indicates that the BS system has 
had some but limited effectiveness in oxygenating groundwater at the site. 

Additional geochemical data collected during the April 2005 groundwater monitoring 
event are summarized in Table 3-4.  The following geochemical evaluation is primarily 
based on the most recently collected data (April 2005) as representative of current 
conditions. 

During groundwater purging, field measurements of DO ranged between 0.1 mg/L and 
0.79 mg/L, which generally indicate that site groundwater is anaerobic.   

ORP is a measure of the relative tendency of a solution to accept or transfer electrons.  
The ORP potential of a groundwater system depends on (and may in turn control) which 
electron acceptors are being reduced by microorganisms during BTEX oxidation.  Low 
ORP measured in the areas of contamination provide a general indication that 
biodegradation is occurring.    The ORP of groundwater measured in the field during 
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groundwater purging ranged from -28.7 millivolts (mV) to -110.2 mV, thus indicating 
strongly reducing conditions. 

Nitrate concentrations at the site ranged from 1.4 mg/L to 6.7 mg/L.  The lowest 
nitrate concentrations measured was in MW2296-5, the only well with a history of the 
presence of fuel hydrocarbon.  This suggests that denitrification may have occurred or is 
occurring within the plume. 

Sulfate concentrations measured in site samples ranged from 75 mg/L to 650 mg/L.  
The decreased sulfate concentration within the plume relative to background 
concentrations indicates that sulfate reduction may be occurring within the plume. 

When Fe(III) is used as an electron acceptor during the anaerobic biodegradation of 
organic carbon, it is reduced to Fe(II), which is soluble in water.  Higher Fe(II) 
concentrations inside the contaminant plume versus background Fe(II) concentrations can 
be used as an indicator that anaerobic degradation of organic carbon has occurred or is 
occurring via Fe(III) reduction.  Fe(II) concentrations measured during this monitoring 
event ranged from non-detect (<0.05 mg/L) to 0.1 mg/L.  The concentrations measured 
during this monitoring round are uniformly low and do not suggest that iron reduction is 
occurring.  

Methane can be a strong indicator of biodegradation.  The preferred biodegradation 
pathways discussed above produce acetate as an intermediate product and CO2 as a final 
product of TPH-D and BTEX degradation.  When oxygen and other electron acceptor 
levels are depleted, methanogenic bacteria begin to convert CO2 to methane.  Because 
methane is not present in fuel, the presence of methane above background concentrations 
in fuel-contaminated groundwater is indicative of microbial degradation of fuel 
hydrocarbons.  Thus, an elevated methane concentration is an excellent indicator of 
microbial degradation.  At Site 2296, detected methane concentrations ranged from 5.6 
micrograms per liter (µg/L) to 2,000 µg/L, with the highest concentration corresponding 
to MW2296-5.  The presence of elevated methane within the plume area strongly 
indicates that biodegradation of fuel hydrocarbons via methanogenesis is occurring. 

In summary, the depletion of electron acceptors (nitrate and sulfate), elevated 
concentrations of metabolic byproducts (methane), and low redox potential within the 
plume strongly indicate groundwater conditions in which biodegradation of fuel 
hydrocarbons is occurring. 
3.3 EXPLOSION HAZARD MONITORING 

The well boxes, sewer manholes, and storm drain at the site were monitored for 
potential explosion hazards.  On March 31, 2005, a lower explosive level (LEL) meter 
was used at the sewer manholes and the measurements were 0.0%.  Therefore, there is no 
explosion hazard present at the site. 

3.4 SOIL GAS DATA 
Soil gas monitoring data collected from the vadose zone of the BSMPs are 

summarized in Table 3-5.  Initially the O2 concentration in BSMP-1 was depleted (<1%) 
and near depletion (6.9%) at BSMP-2.  The O2 concentrations have remained elevated 
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(near saturated oxygen conditions) during system operation.  During respiration testing 
(once the BS system was turned off and during the off-cycle mode) oxygen levels at 
BSMP-1 slowly taper off to depletion.  At BSMP-2, during the off period in April/May 
2001, the oxygen concentration decreased to 15% after 12 days, but in March/April 2002 
only to 17% after 2 months. In March 2005, after two weeks of respiration testing, 
oxygen concentrations at BSMP -1-5 and BSMP-1-8.5 remained elevated (greater than 
19%).  This suggested that little contamination remained in the subsurface soils in this 
area. 

Oxygen utilization rates are determined from oxygen data obtained during in situ 
respiration testing.  The rates are calculated as the zero order relationship between 
percent oxygen and time.  Typically, a rapid linear decrease in oxygen is observed, 
followed by a lag period once oxygen concentrations drop below approximately 5% 
(Leeson et al., 1997).  Figures 3-5 and 3-6 illustrate oxygen utilization versus time, as 
measured in selected BSMP-1-5 and BSMP-2-5.5, respectively, during respiration 
testing.  

Oxygen utilization rates measured at Site 2296 have steadily decreased.  The oxygen 
utilization rate measured in BSMP-1-5 was 0.64 %/day in April 2001, decreased to 0.30 
%/day in 2002, to 0.04%/day in March/April 2004, and slightly increased to 0.11%/day 
in March 2005.  The oxygen utilization rate measured in BSMP-2-5.5 was 0.31 %/day in 
2001, and decreased to 0.03%/day by April/May 2002.  Due to the decrease in BSMP-2-
5.5, O2 was not monitored during 2003-2004.  Essentially, oxygen is no longer being 
utilized within the vadose zone at this site. 





















Table 3-3
Recent Dissolved Oxygen Data for Site 2296

MCB Camp Pendleton, California

Monitoring BSMP-1-19 BSMP-2-19 MW-1 MW-3 MW-5
Location 7.5 ft from BSW-1 7 ft from BSW-3&5 40 ft from BSW-1 33 ft from BSW-5 4 ft from BSW-2

Time    DO Time    DO Time    DO Time    DO Time    DO
DATE         (mg/L)         (mg/L)        (mg/L)        (mg/L)         (mg/L)

Baseline monitoring
03/28/01 0914 2.47 0854 0.09 0831 0.13 0837 0.12 0816 0.19

03/28/01 1047 1.89 1059 0.09 1050 0.14 - - 1054 0.11
03/28/01 1106 4.04 1116 0.07 - - 1121 0.09 1112 0.11
03/28/01 1127 2.62 1139 0.08 1131 0.08 - - 1135 0.34
03/28/01 1201 3.75 1216 0.08 1208 0.10 1221 0.09 1211 0.77
03/28/01 1245 5.49 1301 0.09 1251 0.10 - - 1255 2.12
03/28/01 1347 4.41 1404 0.08 1357 0.08 1411 0.08 1403 3.13
03/29/01 1151 5.01 1123 0.12 1139 0.10 1121 0.16 1137 6.32
03/30/01 0752 4.53 0738 0.11 0754 0.11 0740 0.17 0749 6.56
04/02/01 1159 3.34 1142 0.10 1154 0.09 1136 0.14 1147 7.47
04/06/01 0940 2.34 0901 0.09 0932 2.00 0851 0.19 0923 7.57
04/11/01 1208 2.60 1313 0.09 1231 0.09 1257 0.15 1235 7.39
04/20/01 0816 0.70 0752 0.05 0802 0.06 0743 0.10 0807 7.75

System shut-off/respiration testing: 04/20/01 09:12
04/20/01 1016 1.07 1014 0.09 1017 0.10 1013 0.08 1015 7.31
04/20/01 1442 0.83 1501 0.08 1457 0.13 - - 1455 3.43
04/23/01 1334 0.05 1412 0.06 1327 0.06 1418 0.06 1359 0.13
05/02/01 1018 0.09 1105 0.06 - - 1053 0.07 1033 0.08
07/13/01 1130 0.08 - - 1130 0.13 1115 0.26 1125 0.13

09/24/01 1130 0.18 1040 0.16 1115 0.43 1102 0.17 1121 0.15
System shutdown prior to groundwater sampling event:  9/24/01 11:50

10/10/01 - - - - 951 0.96 1438 0.38 1151 0.49
System shutdown prior to groundwater sampling event:  03/28/02 10:00

04/25/02 - - - - 1524 0.31 1341 0.04 1253 0.22
System cycled off:  06/07/02

07/02/02 1223 4.86 1245 2.00 - - - - - -
07/11/02 0939 0.55 0915 0.34 - - - - - -

09/17/02 1045 1.81 - - - - - - - -
10/16/02 0930 3.75 - - 1113 0.74 902 8.7 1139 0.7
10/25/02 0831 1.12 - - - - - - - -
10/31/02 1255 0.6 - - - - - - - -

02/10/03 1300 0.55 1322 0.48 - - - - 1308 9.43

02/14/03 0954 0.83 1015 0.24 - - - - 1001 3.06
10/10/03 - - - - 1207 0.01 1410 0.05 746 0.13

02/16/03 - 6.35 - - - - - - - 7.8
03/19/04 - 8.25 - - - - - - - 6.9

System cycled off 3/19/04 at 08 - - - - - - - -
03/22/04 - 6.8 - - - - - - - 1.18
03/26/04 - - - - 1049 0.27 1241 0.22 1340 1.1

System cycled on with smaller blower in BSW-1 and -2:  11/25/03  21:30

System cycled on with wells BSW-1 and -2:  11/06/02 11:00

System cycled off:  02/10/03 14:20

System startup:  03/28/01 10:37

System restarted:  07/13/01 

System cycled on:  07/11/02 10:00 
System shut off:  09/06/02 16:30

DO O2 respiration field-data.xls\2296 DO 7/19/2005  



Table 3-3
Recent Dissolved Oxygen Data for Site 2296

MCB Camp Pendleton, California

System cycled on with smaller blower in BSW-1 and -2:  04/16/04 0730
System cycled off 9/21/04 at 1310

09/21/04 - 0.38 - - - - - - - 0.23
09/22/04 - 0.48 - - - - - - - 0.39
10/02/04 - 0.25 - - - - - - - 0.19
10/21/04 - - - - 1427 0.78 1447 0.88 1522 0.74

System cycled on 11/10/04
02/02/05 - 4.96 - - - - - - - 0.75
System off:  03/17/05
03/22/05 1045 5.34 - - - - - - 1045 0
03/31/05 0935 1.08 - - - - - - 0935 2.06

DO = dissolved oxygen
mg/L = milligrams per liter

DO O2 respiration field-data.xls\2296 DO 7/19/2005  





Table 3-5
Biosparging Soil Gas Data for Site 2296

MCB Camp Pendleton, California

Monitoring BSMP-1-5 BSMP-1-8.5 BSMP-2-5.5
Location Distance to BSW-1: 7.5 ft Distance to BSW-1: 7.5 ft Distance to BSW-3&5: 7 ft

Time O2 CO2 TVH Time O2 CO2 TVH Time O2 CO2 TVH

DATE (%) (%) (ppmv) (%) (%) (ppmv) (%) (%) (ppmv)
Baseline Monitoring

03/28/01 0947 <1 8.3 732.7 - - - - 1010 6.9 3.9 133.5
System Startup:  03/28/01 10:37

03/28/01 1238 6.4 5.7 205.7 - - - - 1227 6.0 4.4 49.8
03/29/01 1210 <1 12.1 420.4 - - - - 1119 10.5 5.0 199.8
03/30/01 0815 10.6 3.6 95.1 - - - - 0745 18.1 0.1 5.5
04/02/01 1208 5.5 5.2 400.1 - - - - 1225 16.8 2.6 63.2
04/06/01 0955 13.3 5.2 152.6 - - - - 0847 17.4 2.6 2.8
04/11/01 1209 18.4 2.2 90.8 - - - - 1311 18.4 2.4 -
04/20/01 0827 18.6 2.6 50.6 - - - - 0902 19.0 2.1 6.4

System Shut-Off/Respiration Testing: 04/20/01 09:12
04/20/01 1014 18.9 2.6 104 - - - - 1011 19.3 1.4 29.6
04/20/01 1440 18.4 3.8 47.6 - - - - 1453 18.2 2.4 12.4
04/23/01 1349 17.4 2.5 42.7 - - - - 1430 18.0 1.7 57.2
05/02/01 1027 11.1 3.8 36.7 - - - - 1115 15.1 2.2 17.8
07/13/01 1155 <1 >5 11.1 - - - - - - - -

System Restarted:  07/13/01 
09/24/01 1139 19.1 2.4 140 - - - - 1049 20.2 0.8 80

System Shutdown Prior to Groundwater Sampling Event:  9/24/01 11:50
System Restarted:  10/31/01  10:55
System Cycled Off:  02/15/02  12:59

02/26/02 0911 20.9 0.1 19.2 - - - - 0928 20.9 0.4 34.5
System Restarted:  02/26/02  09:35
System Cycled Off:  03/8/02  07:02
System Restarted:  03/19/02  16:18
System Shutdown Prior to Groundwater Sampling Event:  03/28/02 10:00

03/28/02 1015 20.7 0.4 0.0 - - - - Covered by truck
04/04/02 1042 20.0 0.6 0.0 - - - - 1048 20.2 0.6 0.0
04/22/02 1343 13.8 2.7 - - - - - 1343 19.5 4.8 -
05/02/02 1026 8.8 3.45 - - - - - Covered by truck
05/22/02 0838 7 0.9 0.0 - - - - 0840 18.9 0.65 0.4
05/30/02 1050 <1 1.5 0.0 - - - - 1055 17.2 0.6 0.0

DO O2 respiration field-data.xls\2296 Soil gas 7/19/2005



Table 3-5
Biosparging Soil Gas Data for Site 2296

MCB Camp Pendleton, California

Monitoring BSMP-1-5 BSMP-1-8.5 BSMP-2-5.5
Location Distance to BSW-1: 7.5 ft Distance to BSW-1: 7.5 ft Distance to BSW-3&5: 7 ft

Time O2 CO2 TVH Time O2 CO2 TVH Time O2 CO2 TVH

DATE (%) (%) (ppmv) (%) (%) (ppmv) (%) (%) (ppmv)
System Restarted:  05/30/02  11:00

06/24/02 1148 16.5 0.8 1.0 - - - - 1150 20.6 0 0.0
System cycled off:  06/07/02

07/02/02 1223 11.5 1.6 0.0 - - - - 1248 17.4 0.4 0.0
07/11/02 0950 5.5 2.2 0.0 - - - - 0930 16.3 0.7 0.0

System cycled on:  07/11/02  10:00
System cycled off:  07/26/02 0817

07/26/02 08:30 18.3 1.6 0.0 - - - - - - - -
08/02/02 1125 15.0 2.6 - 1127 2.6 0.8 - - - - -

System cycled on:  08/02/02 11:30 
08/16/02 0910 18.9 1.55 - - - - - - - - -

System cycled off:  08/16/02 09:15
System cycled on:  08/22/02 07:10 
System cycled off:  08/29/02 11:25

09/17/02 1045 15.9 1.8 - - - - - - - - -
09/27/02 1048 14.3 1.6 - - - - - - - - -
10/15/02 0930 8.8 1.35 - - - - - - - - -
10/25/02 0831 5.2 0.6 - - - - - - - - -
10/31/02 1255 2.6 1.4 - - - - - - - - -

System cycled on:  11/06/02 11:00, with wells BSW-1 and -2
02/10/03 1304 21.1 0.0 0.6 1306 0.0 0.3 5.6 1325 19.3 0.5 0.5

System Cycled Off:  02/10/03 14:20
02/14/03 956 20.8 0.0 0.6 1023 3.0 0.3 5.2 1022 19.1 0.5 0.0
02/17/03 1158 20.2 0.0 0.4 1189 5.3 0.3 8.4 Covered by truck

Soil Confirmation Sampling:  2/19/03
System cycled on with smaller blower in BSW-1 and -2:  11/25/03  21:30
System cycled off 3/19/04 at 0800
03/26/04 - 20.4 0 - - - - - - - - -
04/16/04 - 19.5 0 - - - - - - - - -
System cycled on with smaller blower in BSW-1 and -2:  04/16/04 0730
System cycled off 09/21/04
System cycled on with smaller blower in BSW-1 and -2:  11/10/04
System off:  03/17/05

DO O2 respiration field-data.xls\2296 Soil gas 7/19/2005



Table 3-5
Biosparging Soil Gas Data for Site 2296

MCB Camp Pendleton, California

Monitoring BSMP-1-5 BSMP-1-8.5 BSMP-2-5.5
Location Distance to BSW-1: 7.5 ft Distance to BSW-1: 7.5 ft Distance to BSW-3&5: 7 ft

Time O2 CO2 TVH Time O2 CO2 TVH Time O2 CO2 TVH

DATE (%) (%) (ppmv) (%) (%) (ppmv) (%) (%) (ppmv)
03/22/05 1045 20.5 0.5 - - - - - - - - -
03/31/05 935 19.5 0.3 11.2 935 20.2 0.2 8.9 - - - -

ft = feet O2 = oxygen
% = percent CO2 = carbon dioxide
ppmv = parts per million by volume TVH = total volatile hydrocarbons
in H2O = inches of water Press = pressure

DO O2 respiration field-data.xls\2296 Soil gas 7/19/2005



Figure 3-1
Site 2296 Hydrograph

52

53

54

55

56

57

58

59

9/2
0/9

6
3/2

3/9
7

9/2
3/9

7
3/2

6/9
8

9/2
6/9

8
3/2

9/9
9

9/2
9/9

9
3/3

1/0
0

10
/1/

00
4/3

/01
10

/4/
01

4/6
/02

10
/7/

02
4/9

/03
10

/10
/03

4/1
1/0

4
10

/12
/04

4/1
4/0

5
10

/15
/05

Date

G
ro

un
dw

at
er

 E
le

va
tio

n 
(fe

et
 a

bo
ve

 M
SL

)

MW-1
MW-2
MW-3
MW-4
MW-5
MW-6





Figure 3-3
TPH-D Concentration versus Groundwater Elevation at MW-5 at Site 2296
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Figure 3-5
Oxygen Utilization at Site 2296 BSMP-1-5 
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Figure 3-6
Oxygen Utilization at Site 2296 BSMP-2-5.5 
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APPENDIX B  

GROUNDWATER SAMPLING SHEETS 

AND WASTE MANIFESTS 
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